Health monitoring of reinforced concrete bridges and other large-scale civil infrastructures has received considerable attention in recent years. However, traditional inspection methods (x-ray, C-scan, etc) are expensive and sometimes ineffective for large-scale structures. Piezoceramic transducers have emerged as new tools for the health monitoring of large-scale structures due to their advantages of active sensing, low cost, quick response, availability in different shapes, and simplicity for implementation. In this research, piezoceramic transducers are used for damage detection of a 6.1 m long reinforced concrete bridge bent-cap. Piezoceramic transducers are embedded in the concrete structure at pre-determined spatial locations prior to casting. This research can be considered as a continuation of an earlier work, where four piezoceramic transducers were embedded in planar locations near one end of the bent-cap. This research involves ten piezoceramic patches embedded at spatial locations in four different cross-sections. To induce cracks in the bent-cap, the structure is subjected to loads from four hydraulic actuators with capacities of 80 and 100 ton. In addition to the piezoceramic sensors, strain gages, LVDTs, and microscopes are used in the experiment to provide reference data. During the experiment, one embedded piezoceramic patch is used as an actuator to generate high frequency waves, and the other piezoceramic patches are used as sensors to detect the propagating waves. With the increasing number and severity of cracks, the magnitude of the sensor output decreases. Wavelet packet analysis is used to analyze the recorded sensor signals. A damage index is formed on the basis of the wavelet packet analysis. The experimental results show that the proposed methods of using piezoceramic transducers along with the damage index based on wavelet packet analysis are effective in identifying the existence and severity of cracks inside the concrete structure. The experimental results demonstrate that the proposed method has the ability to predict the failure of a concrete structure as verified by results from conventional microscopes (MSs) and LVDTs.
Introduction
Inverted 'T' bent-caps are used extensively on highway bridges in Texas because they are aesthetically pleasing and offer a 3 Author to whom any correspondence should be addressed. practical means to increase vertical clearance. The crosssection of an inverted 'T' bent-cap consists of a 'web' with short cantilever 'ledges' at the bottom to support the bridge girders, thus minimizing the structural depth of bridges. A problem of the bent-caps is that even at service load unacceptable diagonal cracking frequently occurs between the cantilever ledges and the web. Health monitoring of largescale infrastructure, such as inverted T bent-caps, is a critical issue. The traditional health monitoring methods such as Cscan, x-rays, etc usually require bulky equipment and they are very time consuming. These traditional health monitoring methods are also not suitable for in-service infrastructure. The piezoelectric material-based health monitoring method has provided a promising approach to health monitoring of largescale concrete structures. The piezoelectric transducers are available in a variety of forms. A piezoelectric patch can be easily surface-mounted on or embedded in the structure to be monitored. Piezoelectric materials have advantages, such as low cost, high bandwidth, solid-state actuation, and active sensing.
Some researchers have already obtained encouraging results by applying piezoelectric material to structural health monitoring.
The piezoelectric-based health monitoring methods can be classified into three major groups: the impedance-based method, the vibration-characteristic-based method, and the Lamb-wave-based method (Song et al 2004a) .
(i) Impedance-based method. The electrical impedance of the piezoelectric element is coupled with the mechanical impedance of the structure. The existence of the damage will affect the mechanical impedance of the structure. Therefore, by monitoring the electric impedance of the piezoelectric element, the damage status of the civil structure can be assessed. Ayres et al (1998) utilized the electrical impedance of a bonded piezoelectric actuator/sensor as the means to qualitatively detect structural damage and actively monitor a structure's integrity. This technique is very sensitive to local damage in the sensing area. Soh et al (2000) applied the impedance-based method to a concrete bridge. The concrete bridge was instrumented with surface-bonded piezoceramic transducer patches, which were electrically excited at high frequencies of the order of kHz. By measuring the real part of admittance (reciprocal of impedance), the damage index was formed in nonparametric terms using the root mean square of the deviation in admittance signatures with respect to the baseline signature of the healthy state.
This nonparametric index was found to correlate well with the damage progression in the structure.
(ii) Vibration-characteristic-based method.
This method mainly utilizes the vibration characteristics of the structure for health monitoring purpose. Saafi and Sayyah (2001) attached an array of piezoelectric transducers to a structure to detect and localize disbonds and delamination of advanced composite reinforcement from concrete structures. The authors compared the transfer function of the damaged structure with the undamaged structure to detect the disbond and delamination. (iii) Lamb-wave-based method. In recent years this method has shown the potential of Lamb waves in damage detection in metallic, composite structures and reinforced concrete structures. The Lamb wave refers to the elastic perturbations propagating in a solid plate (or layer) with free boundaries. Wang et al (2001) studied the Lamb-wave-based health monitoring of both fiberreinforced composites and steel-reinforced concrete. For health monitoring of the steel-reinforced concrete, the piezoelectric sensor network was installed in selected rebars in areas such as the deck, the columns of bridges, and the footing area of columns. Experimental results showed that the cracks or debonding damage in reinforced concrete structures can be detected by the proposed builtin active sensing system. Piezoelectric material can also be applied to health monitoring in other forms such as powder (Egusa and Iwasawa (1998) ) or film (Galea et al (1993) ).
In this paper, the vibration-characteristic-based method is adopted for health monitoring purposes. Ten piezoceramic patches were embedded in the reinforced concrete bent-cap at pre-determined spatial locations prior to casting and the piezoceramic patches are used as both actuator and sensor to detect possible cracks inside the reinforced concrete bentcap. This research can be considered as a continuation of an earlier work (Song et al 2004b) , where four piezoceramic patches were embedded in planar locations near one end of the bent-cap. This research involves ten piezoceramic patches embedded at spatial locations in four different crosssections. One embedded piezoceramic patch is used as an actuator to generate waves and the other piezoceramic patches are used as sensors to receive vibration signals. Signal processing is important in the health monitoring. There are various kinds of signal-processing methods, such as Fourier transform, Hilbert-Huang transform, and wavelet analysis, among others. Wavelet analysis is a useful signal-processing tool. Some researchers have recently applied the wavelet analysis to structural health monitoring (SHM) and damage detection. Wavelet analysis can be viewed as an extension of the traditional Fourier transform. One major advantage of the wavelet analysis is the ability to perform local analysis. In this paper, the wavelet packet analysis method is used as a signal-processing tool to analyze the sensor signal for the purpose of health monitoring of a reinforced concrete bentcap. The experimental results show that the damage index generated by the wavelet packet analysis is in accordance with measurements from conventional sensors such as LVDTs and microscopes. This proves that the proposed wavelet packet analysis method is not only effective in identifying the existence of cracks inside the reinforced concrete bent-cap but also monitoring the onset, the severity and the growth of the cracks within the reinforced concrete bent-cap. The critical failure state obtained from the proposed method is earlier than that from LVDTs and microscopes. The experimental results prove that the proposed method is more effective to predict the damage of reinforced concrete structures than the traditional methods.
Experimental setup and loading procedures

The specimen and the test frame
In this paper, a full-size reinforced concrete bent-cap is used as the testing object for health monitoring purposes. As shown in figure 1, this 20 foot (6.1 m) long bent-cap is installed in the test frame. Labels A, B, C, and D denote the locations of the four hydraulic actuators for loading purpose. The cross section of the bent-cap consists of hanger rebars, flexure rebars, Actuators B, C, and D (figure 1) are each provided with a swivel base at the top end and one at the bottom end, allowing for any compensation of eccentricities, rotation, and movements of the test specimen. Actuator A serves to anchor the test specimen in space and is, therefore, not provided with swivel bases at both ends. The force exerted by each actuator is split equally to the west and east ledges of the test specimen by a -shaped steel rig. Each of the two legs of the steel rig sits on the ledge through a high-strength steel ball and a bearing plate. Bearing plates of sizes 6 × 6 × 1.25 inch 3 (152.4 × 152.4 × 31.75 mm 3 ) were used for frames A, C, and D, while 10 × 6 × 1.25 inch 3 (254 × 152.4 × 31.75 mm 3 ) plates were used for frame B. The three actuators, B, C, and D, are each equipped with a spherical hinge at the lower end, allowing the -shaped steel rigs to pivot. In order to prevent the lateral buckling of an actuator at this location, a lateral bracing system is provided, which consists of a pair of channel beams spanning between the two frame columns at the level of the spherical hinge.
Loading procedures
The test frame was specially designed to have a working capacity of 1050 kips (4671 kN), and was located in the Thomas Hsu Structural Research Laboratory at the University of Houston. Four MTS hydraulic actuators, A, B, C, and D, with a capacity of 223, 340, 340, and 147 kips (992, 1512, 1512 , and 654 kN), respectively, were used to apply loads on the bent-cap. These four loads ensure pure bending between loading frames B and C, thus guaranteeing an unbiased failure zone. The actuators were controlled by a versatile FlexTestGT system that allowed load-control as well as strain-control procedures. This system has a multi-purpose test (MPT) feature that allows the four actuators to work independently or in unison under either a force-control or a displacementcontrol mode. Moreover, this system offers a unique feature to 'hold' (or maintain constant) the forces or the displacements of the actuators. Loading was first applied by the loadcontrol procedure in the linear stage of the load-deformation curve. When the load-deformation curve became non-linear, the loading was switched to the strain-control mode.
Initially, the four actuators applied equal loads at the rate of 20 lbs s −1 (89 N s −1 ), until actuator D reached its capacity of 147 kips (654 kN). In the second stage, actuators A and D were kept on 'hold' at 147 kips (654 kN) force, while the forces in actuators B and C were increased until failure in the interior span. In the third stage, the actuators B, C, and D were on 'hold', while the force in actuator A was increased until failure occurred at the north end.
Instrumentation
2.3.1.
Piezoceramic patches.
In the experiment, the embedded piezoceramic patches were used both as actuator and sensor for the proposed method. Ten piezoceramic patches were embedded at locations in four cross sections inside the bent-cap prior to casting, as shown in figure 2. The size of a piezoceramic patch is 15 × 15 × 0.26 mm 3 . From figure 2, PZT1, PZT2, PZT3, PZT4, and PZT5 are in plane I, PZT 6 and PZT 8 are in plane II, PZT7 is in plane III, and PZT9 and PZT10 are in plane IV. The bending moment is the major factor to generate damage and cracks in the center part of the concrete bent-cap. The dominant factor of generating cracks in the end of bent-cap during test is the shear force. The health monitoring of the end of the concrete bent-cap is more complex and challenging than the health monitoring of the center part of the concrete bent-cap. Therefore, more piezoceramic patches were installed in the end section of the concrete bent-cap. Since the piezoceramic patches are very fragile, they were first embedded in small concrete blocks. Then the small concrete blocks were fixed inside the concrete bent-cap prior to the casting of concrete. The spatial coordinates of the ten embedded piezoceramic patches are given in table 2.
The piezoelectric ceramic patches used in this experiment are made of PZT, an acronym for lead zirconate titanate. Piezoelectric ceramic materials have the property of generating an electric charge when subjected to a mechanical strain (direct effect for sensor), and conversely, generating a mechanical strain when subjected to an applied electric field (converse effect for actuator). In this experiment, PZT material, which has a strong piezoelectric effect, is used in the form of patches, as both sensor and actuator for the structural health monitoring purpose.
LVDTs and microscopes.
A total of 35 LVDTs were installed for testing the specimen. The instruments were placed at the most desirable locations to maximize the required information according to the design of the specimen. The strains on each end face along the steel bars and perpendicular to a diagonal crack were measured by six LVDTs. In addition, the surface crack width was also measured by using a microscope.
Proposed structural health monitoring method using wavelet packet analysis
The sensor signal measured by a PZT sensor is decomposed into sub-signals by the wavelet packet algorithm. The energy of the decomposed signal is calculated to form the energy vector. The damage index is calculated by comparing the energy vector of healthy state with the energy vector of the damaged state.
Wavelet packet analysis
In this paper, the wavelet packet analysis is used as the signalprocessing tool to analyze the sensor signal of the embedded PZT patch in the concrete structures. The concept of wavelets in its present theoretical form was first proposed for the analysis of seismic data. Wavelet analysis can be viewed as an extension of the traditional Fourier transform. Fourier analysis consists of breaking up a signal into sine waves of various frequencies and phases. Similarly, wavelet analysis consists of a breaking up of a signal into shifted and scaled versions of the original (or mother) wavelet. A wavelet is a waveform of effectively limited duration that has an average value of zero.
(1)
Using a selected mother wavelet function (t), the continuous wavelet transform (CWT) of a function f (t) is defined as
where a > 0 and b ∈ R are the dilation and translation parameters, respectively. The bar over (t) indicates its complex conjugate. In wavelet packet analysis, a signal is split into an approximation and a detail. The approximation is then itself split into a second-level approximation and detail, and the process is repeated. In wavelet packet analysis, the details as well as the approximations can be split. The advantage of wavelet packet analysis is that it enables the inspection of relatively narrow frequency bands over a relatively short time window. In this paper, Daubechies wavelet base db9 is used as the mother wavelet. The frequency band is not overlapped because of the orthogonality of the Daubechies wavelet base. if the fault does not change the energy distribution, the normalized energy vector will not be affected even when the energy value on each frequency band changes. Therefore, the energy vector is directly applied in this paper instead of the normalized energy vector. The sensor signal S is decomposed by an n-level wavelet packet decomposition into 2 n signal sets
Energy vector based on wavelet packet decomposition
where m is the number of sampling data. Define E i, j , the energy of the decomposed signal, as
where i is the time index (window index) and j is the frequency band ( j = 1, . . . , 2 n ). The energy vector at time index i is defined as
Damage index
Various kinds of damage indices have been developed for health monitoring of civil structures in recent years. Rootmean-square deviation (RMSD) is a suitable damage index to compare the difference between the signatures of the healthy state and the damaged state. Bhalla (2000) studied the detection and characterization of damage in concrete cubes and observed that the RMSD between the signatures was the most suitable damage index to characterize structure damage. Soh et al (2000) successfully conducted RMSD between signatures of a PZT transducer to form the damage index for health monitoring of a reinforced concrete (RC) bridge. Tseng and Naidu (2002) presented the damage index by calculating the RMSD between the impedance of the PZT transducer mounted on aluminum specimens. In this paper, the damage index is formed by calculating the RMSD between the energy vectors (presented in section 3.2) of the healthy state and the damaged state.
The energy vector for healthy data is denoted as 
The proposed damage index represents the transmission energy loss portion caused by damage. When the damage index is close to zero, it means it is in a healthy state. When the damage index is bigger than a certain threshold, this means damage appears. In this case, the greater the index, the more serious the damage is.
Experimental results
The loading procedures described in section 2.2 were followed. In the first loading stage, the load of four hydraulic actuators was increased until the load of the bearing plate of actuator D was 73.5 kips (327 kN). In the second loading stage, the load of the bearing plate of actuator A and actuator D was kept around 73.5 kips (327 kN) while the forces of actuator B and actuator C were increased until failure in the interior span. In the third stage, the load value of actuators B, C, and D remained the same. The force of the actuator A was increased until the failure occurred.
During the loading process, to help accurately measure the crack width, a microscope was used, in addition to LVDTs. In order to visualize the shape of the crack, a black ink pen is used to mark the crack on the surface. Figure 3(a) shows the cracks on the surface of the north end of the concrete bent-cap after the structural failure. In the loading process, a V-shape crack appeared between the locations of the PZT1 and the PZT3 on the end face of the specimen, as shown in figure 3(a) . Figure 3(b) shows the cracks on the west surface of the center part of the concrete bent-cap. Figure 4 shows the crack widths measured by LVDTs and microscopes versus the load on the bearing plate of actuator A. The force exerted by the hydraulic actuator is split equally to the west and east ledges of the test specimen by the -shaped steel rig. Each steel rig sits on the ledge through a steel ball and a bearing plate. Therefore, the load exerted on the bearing plate is one-half of the load value of the actuator. The labels NE and NW represent the locations of the instruments. The first letter, N, indicates the north end face. The second letter, E or W, indicates the east or west sides on the end faces. In the test, the load from the hydraulic actuator was increased slowly to gradually crack the concrete bent-cap. From figure 4 and other experiment records, cracking of the concrete, yielding of the steel, and failure of the specimen happened approximately at 42, 65, and 95 kips, respectively. These important values, along with figure 4, will be used as references to verify the proposed damage-index-based health monitoring method.
During the loading process, for health monitoring or damage detection purposes, sweep sinusoidal signals were used to excite a piezoceramic actuator, while other piezoceramic patches were used as sensors. The PZT3 and PZT5 were separately used as an actuator. Two types of sweep sine signals were used: one from 100 Hz to 10 kHz, and the other from 10 Hz to 100 Hz. The magnitude of both signals is 20 V. The sweep period for both signals is 9 s. The sampling frequency for the data acquisition system is 40 kHz. For each actuator, a total of eight such tests were conducted during the loading process. The test number, the test time, and the load are shown in table 3. Figure 5 shows the time responses of the PZT10, as a sensor, with the PZT3 as an actuator excited by the sweep sine (100-10 kHz) at the eight test intervals during the loading process. From figure 5, three observations are made.
(i) The magnitude of the PZT10's output, as a sensor, decreases with the increasing load value. The maximum senor output value in test 1 is close to 1 V, while that in test 8 is close to zero. This means that the concrete structure (testing specimen) was a good conduit for wave propagation in test 1, when the structure was healthy, and the wave propagation was almost totally blocked in test 8, when the structure failed with many cracks. (ii) The waves with lower frequencies attenuate much less than those with higher frequencies. For the time history response of the PZT sensor during each test, the magnitude decreases with time. Since the excitation signal was a sweep sine wave from a low frequency (100 Hz) to a high frequency (10 kHz) with respect to time, it can be concluded that the PZT sensor magnitude decreases with the increasing wave frequency, i.e., the waves with lower frequencies attenuate much less than those with higher frequencies. (iii) A dramatic drop in sensor responses means dramatic increases in crack width, which is often caused by structural failure. It is noted that there is a dramatic reduction of the sensor output from test 6 to test 7, which means the damage in the structure, mainly cracks, became so severe that it blocked most wave propagation in test 7.
In summary, the raw time domain data offer useful information regard damage or health status of the testing specimen.
Based on the analysis in section 3, the wavelet-packetanalysis-based damage indices are calculated and table 3 lists the damage indices when the PZT3 is used as an actuator with the excitation sine wave 100-10 kHz. We noticed that the PZT1 has the highest damage index value and this implies there are more cracks between the PZT1 and PZT3, which is confirmed via visual inspection. As shown in figure 3(a) , there are two to three major cracks between the PZT1 and PZT3. As expected, the end face (plane I) has the worst damage among all the planes since the average damage index in plane I is the highest.
The damage indices are also plotted versus the load on the bearing plate of actuator A. Figures 6 and 7 show the damage indices versus the load for the sweep sine 10-100 Hz when the PZT3 and the PZT5 is respectively used an actuator. Figures 8 and 9 show the damage indices versus the load for the sweep sine 100-10 kHz when the PZT3 and the PZT5 is respectively used an actuator. Since the load of actuator A was kept around 73.5 kips (327 kN), while the forces of actuator B and actuator C were increased until failure in the interior span, we see a sudden increase of damage index values in figures 6-9 at 73.5 kips. From these four figures, we have the following observations:
(i) The proposed method based on damage index is more sensitive than the methods using conventional tools such as LVDTs and microscope. It is clear from both figures 6 and 7 that the damage index for each sensor starts to increase when the load reaches about 26 kips, while the surface cracks detected by both LVDT and microscope start to increase when the load reaches 41 kips. The proposed method is therefore more sensitive than the conventional methods using tools such as LVDTs and microscope since the proposed method can detect the internal cracks before they appear on the structure surface.
(ii) The proposed method can predict structure failure. For an excitation wave of 10-100 Hz, the damage index for each sensor saturates to 1 at about 73.5 kips load. For an excitation wave of 100-10 kHz, the damage index for each sensor saturates to 1 at about 76 kips load. The value of 1 for the damage index means zero sensor output, which indicates all the wave propagation is blocked by the cracks, or the cracks are very wide. The large cracks often precede the concrete structure failure. From the tests, we know that the concrete structure failed at 95 kips. Therefore, the proposed method can predict the structure failure.
Meanwhile, the experimental results also bring us many un-answered questions that will be addressed in future work.
(i) Comparing damage indices in figures 6 and 7 to those in figures 8 and 9 convinces us that the range of wave frequencies affects the damage index. Finding the optimal range of excitation frequencies to help to extract the damage information is to be studied. (ii) Though the proposed method can predict the onsets of the surface cracks and structural failure, the detailed crack information, such as location, width, length, orientation, cannot be determined, which requires further study. (iii) Since damage in civil structures is a 2D (dimensional) or 3D problem, 2D and 3D damage indices are to be developed.
Conclusions
This paper presents a new in situ PZT-based health monitoring approach for a large-scale reinforced concrete structure. Piezoceramic patches were embedded in the reinforced concrete bent-cap prior to casting. The piezoceramic patches were used as both actuator and sensors to detect possible internal cracks inside the reinforced concrete bent-cap. The proposed method has the ability not only to detect the existence of the cracks but also to monitor the growth of cracks. The critical state of damage indicated by the proposed method is earlier than that by LVDT and microscope, which proves that the proposed method is more sensitive than the traditional methods. Based on the experimental results, the following conclusions can be drawn:
(i) The experimental result shows that piezoceramic materials can be successfully applied to the health monitoring for large-scale infrastructure. The transmission energy between the actuator and sensor will drop dramatically when a crack happens inside. The proposed transmissionenergy-based damage index is a good damage index for detecting the existence and severity of the internal cracks. The embedded PZT sensors are very sensitive in detecting the cracks. (ii) The wavelet packet analysis enables the inspection of relatively narrow frequency bands over a relatively short time window. In this experiment, the wavelet packet analysis is applied to form the energy vector to reveal the energy content in the frequency band. A damage index is defined based on the wavelet packet analysis. From the experiment results, it is evident that the wavelet packet analysis can be successfully applied in extracting the feature vector from the signals. The wavelet packet analysis can be a useful signal-processing tool for health monitoring.
Due to its sensitiveness, using the proposed method the predicted structural failure occurred a little bit earlier than the real failure. It has the potential to be applied to the health monitoring of in situ large-scale reinforced concrete structures at a very economical cost without using additional bulky equipment.
